2 The abbreviations used are: RNR, ribonucleotide reductase; CIA, cytosolic iron-sulfur cluster assembly; ISC, iron-sulfur cluster; Fe III 2 -Y ⅐ , diferric-tyrosyl radical; Mn III 2 -Y ⅐ , dimanganic-tyrosyl radical.
Over one-third of all proteins require metallation for function (Waldron, K. J., Rutherford, J. C., Ford, D., and Robinson, N.J. (2009) Nature 460, 823-830). As biochemical studies of most proteins depend on their isolation subsequent to recombinant expression (i.e. they are seldom purified from their host organism), there is no gold standard to assess faithful metallocofactor assembly and associated function. The biosynthetic machinery for metallocofactor formation in the recombinant expression system may be absent, inadequately expressed, or incompatible with a heterologously expressed protein. A combination of biochemical and genetic studies has led to the identification of key proteins involved in biosynthesis and likely repair of the metallocofactor of ribonucleotide reductases in both bacteria and the budding yeast. In this minireview, we will discuss the recent progress in understanding controlled delivery of metal, oxidants, and reducing equivalents for cofactor assembly in ribonucleotide reductases and highlight issues associated with controlling Fe/Mn metallation and avoidance of mismetallation.
Class I Ribonucleotide Reductases
Ribonucleotide reductases (RNRs) 2 catalyze de novo biosynthesis of deoxynucleotides (Reaction 1) in almost all organisms (1) . Three classes of RNRs have been identified; they all share a structurally homologous ␣ subunit that binds the NDP(NTP) substrates and houses the two cysteines that provide the reducing equivalents for dNDP(dNTP) formation (where NDP is nucleoside diphosphate), and a third cysteine that must be oxidized transiently to a thiyl radical to initiate the reduction process (2) . The class I RNRs, the focus of this review, require a second subunit ␤, which houses the essential metallocofactor ( Fig. 1 ) and is required for thiyl radical formation in ␣ in an oxidation that occurs over a 35 Å distance in an unprecedented process in biology (recently reviewed) (3) . The class I RNRs have been subclassified based on their metal composition. The class Ia RNRs are found in eukaryotes (for example, humans and Saccharomyces cerevisiae) and a few prokaryotes (for example, Escherichia coli and Salmonella enterica serovar Typhimurium (S. typhimurium)). The class Ib RNRs are found in most prokaryotes (for example, E. coli, Corynebacterium ammoniagenes, Bacillus subtilis, Streptococcus sanguinis, Bacillus cereus, and Bacillus anthracis) (4) . A few prokaryotes possess both Ia and Ib RNRs (5, 6) . A class Ic RNR has been characterized only in vitro, and thus will not be further discussed (7) . The Ia RNRs utilize a diferric-tyrosyl (Fe III 2 -Y ⅐ ) radical cofactor, and the Ib RNRs are able to use in vitro a diferric or dimanganictyrosyl radical (Mn III 2 -Y ⅐ ) cofactor.
E. coli Has Both Class Ia and Class Ib RNRs
The metallocofactor in the E. coli class Ia RNR was the first one characterized. Landmark experiments identified a "stable" Y ⅐ whose formation was mediated by the adjacent non-heme di-iron cluster (8) . Fortuitously, ␤ in the apo-form can selfassemble an "active" cofactor from Fe 2ϩ , O 2 , and a reducing equivalent (Reaction 2) (9), providing insight for biosynthetic requirements: modulation of apo-␤ 2 conformation and controlled metal, oxidant, and reductant deliveries. The success of the assembly process in vitro, however, is highly variable between RNRs in different organisms and when optimized gives ϳ1 Y ⅐ /␤ 2 . We have recently established that the Y ⅐ is distributed equally between each ␤, suggesting the likelihood of 2 Y ⅐ s/␤ 2 (5) . The variability of cofactor loading and the genomic/ bioinformatic discoveries that in many prokaryotes, biosynthetic pathways are organized in operons, suggested that even with a cofactor as simple as those required for class I RNR activity, dedicated machinery will be required. In this review, we briefly summarize the search for and discovery of candidate proteins involved in the assembly of the Fe III 2 -Y ⅐ cofactor in the class Ia RNRs from E. coli and S. cerevisiae and the discovery of the biosynthetic machinery for the long proposed (10), but elusive, Mn III 2 -Y ⅐ cofactor in the class Ib RNRs of E. coli, B. subtilis, and S. sanguinis. The class Ib RNRs also can self-assemble an active Fe III 2 -Y ⅐ , and thus this class of RNR offers a unique system to discover and understand the factors that control transition metal delivery for cofactor assembly in the cell.
The laboratory strain of E. coli is unusual in that it has both a class Ia RNR and a class Ib RNR. Its class Ia enzyme, coded for by nrdAnrdB (NrdA or ␣ and NrdB or ␤), is essential for DNA replication and repair. The class Ib, on the other hand, is coded for by nrdEnrdF (NrdE or ␣ and NrdF or ␤), is expressed under iron-limited and oxidative stress conditions, and cannot support growth in the absence of nrdAnrdB (6, 11) . In contrast, most prokaryotic organisms only have a class Ib RNR that plays the same role as the Ia, that is, it is involved in DNA replication and repair. A bioinformatics search for conserved genes of interest contiguous with nrdAnrdB identified yfaE, annotated as a [2Fe-2S] 2ϩ/1ϩ -ferredoxin, within the same operon (12) . Our hypothesis was that YfaE might function as the one electron donor required for cofactor assembly (Reaction 2) as well as the reduc-tant to repair Y ⅐ reduced RNR, met-RNR, by reduction of the diferric cluster to the diferrous state, which then allows biosynthesis ( Fig. 2 ). Biochemical studies monitoring cluster self-assembly establish that only 2 Fe 2ϩ /␤ are required for assembly when YfaE is present in the reaction mixture, whereas 3 Fe 2ϩ /␤ are required in its absence (the third Fe 2ϩ can supply the reducing equivalent in vitro) (12) . This observation supports the proposed role in cluster assembly. In a second set of experiments (13) , expression of ␤ in E. coli from 4 to 3300 M revealed in all cases 0.1-0.3 Y ⅐ s/␤ 2 . The normal endogenous ␤ level is 0.5 M. Titration of [2Fe-2S] 1ϩ -YfaE into crude cell extracts followed by the addition of O 2 revealed, for the first time, that 2 Y ⅐ s/␤ 2 could be generated and as much as 250 M ␤ 2 could be loaded. Thus, YfaE is interesting and as noted below likely plays an additional role in active cluster formation (13) . Measurement of concentrations of YfaE relative to NrdB has been challenging, due to poor antibody quality, but it appears to be acting catalytically. Two unresolved issues regarding YfaE function are: 1) a number of genomes with only class Ia RNRs do not have a readily identifiable YfaE based on bioinformatic searches; and 2) the E. coli YfaE is not essential under normal growth conditions (LB). However, as noted in the next section, YfaE is essential for NrdB cluster assembly under oxidative stress (6) , and a YfaE counterpart appears to play an essential role in S. cerevisiae cluster assembly (14) .
In our search for factors involved in Fe 2ϩ delivery (iron transporter, ferritin, chaperone etc.) required for Ia cofactor assembly, isogenic strains of the WT E. coli where four Fe 2ϩ /Me 2ϩ transporters were deleted were studied by whole cell Möss-bauer spectroscopy (13, 15) . Under these conditions, we found that NrdEF is induced and becomes important for E. coli viability. A search of genomes for genes contiguous to nrdEnrdF revealed nrdI, annotated as a flavodoxin. NrdI was first identified in an operon containing the Lactococcus lactis nrdEnrdF genes, suggesting its importance in RNR metabolism (16) . However, until 2010 its function remained a mystery. Initially, we thought that NrdI would function as an electron donor to assemble an Fe III 2 -Y ⅐ cofactor in RNR Ib, that is, a YfaE equivalent under iron-limiting conditions (17) . However, old biological literature suggested that there was a manganese-requiring RNR (10) . Despite efforts by many investigators to load Ia or Ib RNRs with manganese followed by the addition of a wide range of oxidants (O 2 . , H 2 O 2 , HOCl), in analogy with the self-assembly of the Fe III 2 -Y ⅐ cofactor, no RNR activity and no Y ⅐ were detected. The missing link turned out to be NrdI. Its unusual 1e Ϫ oxidation potentials, relative to flavodoxins involved in electron transfer, suggested that it might be functioning as the missing oxidant required to assemble a Mn III 2 -Y ⅐ cofactor (5) . In vitro, this turns out to be the case. Our recent mechanistic studies suggest that the function of the reduced form of NrdI (NrdI hq , reduced FMN) is to generate O 2 . and to deliver it directly via channeling to manganese in the metal 2 site in NrdF in a NrdF⅐NrdI complex ( Fig. 1C ) (18) . Thus, in the case of Mn III 2 -Y ⅐ cluster assembly, the required e Ϫ and oxidant combine, and O 2 . is the oxidant (Reaction 3). As noted above, an Fe III 2 -Y ⅐ cluster can also self-assemble to give active RNRs with Mn-RNR five times more active than the Fe-RNR (19) . 
Class Ib RNRs Are Mn-RNRs In Vivo
Recent studies using different approaches have established the importance of the Mn III 2 -Y ⅐ NrdF in vivo in organisms with class Ia and Ib RNRs and with only class Ib RNRs. Studies by Martin and Imlay (6) in E. coli took advantage of the presence of a class III RNR (glycyl radical, anaerobic RNR) to keep ⌬nrdAnrdB cells alive under anaerobic conditions, which allowed outgrowth in NrdEF ϩ cells under iron-limiting and iron-replete conditions in oxygenated media. In the former case, the Y ⅐ of Mn-NrdF was observed by whole cell EPR, whereas in the latter case, the Y ⅐ of Fe-NrdF was observed. The Mn-NrdF allowed cell growth, whereas the Fe-NrdF did not. These results suggest that the NrdF can self-assemble an iron cofactor in vivo. The inactivity of Fe-NrdF, however, is at odds with our experiments in vitro (20) .
The Martin and Imlay studies (6) on NrdF gave insight into the function of YfaE in NrdB cluster assembly, specifically that YfaE is required to select iron over manganese loading to form active cofactor. They established that although yfaE is not essential under iron-replete growth conditions, it becomes essential in Hpx Ϫ cells. These cells lack catalase and peroxidase genes and as a result experience increase oxidative stress, including elevated levels of H 2 O 2 . Elevated peroxide up-regulates MntH, a manganese transporter. The lethality of ⌬hpx⌬yfaE was suppressed by deletion of MntH (6) . The model is that manganese is able to compete with iron for binding to NrdB and that YfaE facilitates iron loading over manganese. Thus, their studies indicate that mismetallation occurs and that mechanisms have evolved to limit mismetallation, but the details remain to be revealed.
An alternative approach to establishing the importance of Mn-NrdF in vivo involved isolation of NrdF from its endogenous host. Studies from the Auling/Lubitz groups (21) with C. ammoniagenes and our group with E. coli and B. subtilis (20, 22, 23) all revealed Mn-NrdF and no apparent Fe-NrdF. Biochemical studies on these NrdFs have revealed that the activity of Mn-NrdF is 3.5-7 times that of the iron form and that both are active. These studies and more recent studies on NrdFs from B. anthracis, B. cereus, and S. sanguinis reveal that the issue of manganese loading remains a challenge (24 -27) . The reported very low specific activities are likely associated with apo-proteins in conformations that cannot be properly loaded with manganese in vitro. As in the class Ia RNRs, we are unable to deliver all of the metals (Me1 versus Me2, Fig. 1A ) with the correct timing to the correct state of ␤. The timing of metal delivery, that is, whether to the folded or unfolded ␤ and whether to the ␤ (monomer) or ␤ 2 (dimer), is not known. Finally, in the case of B. subtilis, S. sanguinis, and Streptococcus pyogenes, NrdI has been shown to be essential under normal growth conditions (LB), and antibody studies reveal that NrdI acts catalytically (23, 27, 28) .
Recently, a third and most comprehensive set of experiments has revealed the importance of S. sanguinis Mn-RNR to the survival of the organism in culture and in an animal model (27) . This organism colonizes in biofilms in plaque deposits on teeth and during dental surgery can be dislodged into the blood, ultimately resulting in infective endocarditis due to the ability of the bacterium to colonize in the heart. As a note that reemphasizes the importance of the environmental niche of the organism being investigated, in the mouth, the concentration of manganese is 36 M, and in the serum, it is 20 nM. S. sanguinis is also unusual in that it can tolerate 100 M concentrations of H 2 O 2 (29) .
The S. sanguinis genome has been sequenced (30), the essential genes have been identified (31) , and SsaB, a manganese transporter, has been established as a virulence factor (29, 32) . Bioinformatics analysis of the S. sanguinis genome revealed that it has one aerobic RNR, a class Ib enzyme, and a class III RNR, required for anaerobic growth. In addition, three genes were annotated as NrdIs, only one of which is essential and involved in manganese cofactor assembly (27) . Biochemical analysis has established that both the manganese-loaded and the iron-loaded RNRs are active with the former being 3.5 times more active than the latter (26) . Two sets of experiments have recently established that the Mn-RNR is required under normal aerobic growth conditions (6% O 2 /brain heart infusion medium) and in a rabbit model for infective endocarditis. To test the metallation state, several knockouts in the WT strain background were generated: ⌬nrdHEKF, 3 ⌬nrdD, and ⌬nrdI. The experimental design is based on the different O 2 requirements for cluster assembly of the Fe-RNR and Mn-RNR and the class III RNR. For the Fe-RNR to be active, only NrdENrdF are required, and the organism should be viable with deletion of NrdI; the Mn-RNR requires NrdENrdF and NrdI; and the NrdD (anaerobic RNR) is inactivated in O 2 . The strains were prepared, and growth studies were carried out. The results indicated that under normal aerobic conditions, ⌬nrdI showed a 10-fold decrease in cfu and that ⌬nrdHEKF showed a similar decrease. Thus, these data reveal that a self-assembled Fe-RNR, if formed in vivo, is not sufficient to keep the organism alive and strongly support the importance of the Mn-RNR in vivo. In a rabbit model for infective endocarditis, in which a catheter was used to damage the heart valve where the bacteria colonize, the same strains, each with a distinct antibiotic resistance marker to facilitate cfu counting, were used. The WT strain and, for example, the ⌬nrdI cells were mixed in a 1:1 ratio and injected into the rabbit. After an established time period, the heart was removed, and the vegetative growth of S. sanguinis was examined. The results indicated that the viability of the ⌬nrdD strain was very similar to WT, and thus the anaerobic RNR is not required for colony growth in this model. The studies with ⌬nrdI resulted in 10 4 less cfu relative to WT and indicate that NrdEF, as in the in vitro growth assays described above, is unable to support growth with Fe-NrdF. The two independent assays highlight the importance of the Mn-RNR and suggest that the virulence associated with the SsaB transporter could be related to the requirement of the organism for the Mn-RNR.
The results from the S. sanguinis studies and the E. coli studies, with Ib RNRs with very distinct functions, strongly suggest that in both cases, the Mn-RNR is the important form in vivo. The presence of a Mn III 2 -Y ⅐ cofactor in E. coli Ib RNR in which Ia is required for primary metabolism and in S. sanguinis where Ib is required for primary metabolism suggests that Mn-RNR can be essential for viability of organisms with different life styles and in different environments.
Class Ia RNRs of Eukaryotes: S. cerevisiae as a Model System
Eukaryotic class Ia RNRs thus far have been shown to utilize only the Fe III 2 -Y ⅐ cofactor. As with the bacterial systems, the cluster can self-assemble, and with the mouse RNR (33), the stoichiometry is identical to that shown in Reaction 2. Our focus has been on the model organism S. cerevisiae as it is amenable to both biochemical and genetic analyses. The RNRs from S. cerevisiae are biochemically similar to the human RNRs, but the regulation of iron homeostasis and of dNTP production is distinct. Thus, we will focus on our studies in S. cerevisiae and the similarities/ differences of our results from the bacterial system.
S. cerevisiae RNR is unusual in that its ␤ subunit is a heterodimer (␤␤Ј) in which ␤Ј is homologous to ␤, but has mutations in three of the six active site amino acids ligated to iron, preventing cluster assembly (34, 35) . Thus, in vitro, only 1 Y ⅐ /␤␤Ј is possible. Studies in vitro have established that recombinant ␤ and ␤Ј form apo-homodimers, which rapidly (Ͻ1 min) interconvert to ␤␤Ј when mixed in a 1:1 ratio (36). Structures of ␤ 2 , ␤Ј 2 , and ␤␤Ј have been solved, but metal loading in the oxidized and reduced states is incomplete, suggesting protein conformational heterogeneity (37, 38) . As observed with the bacterial RNRs, our in vitro self-assembly studies with optimized protocols generated only ϳ0.2 Y ⅐ /␤␤Ј (39), suggesting the importance of a biosynthetic pathway (Fig. 2) . We and others have established that the active form of the S. cerevisiae ␤ 2 subunit in vivo under normal growth conditions is ␤␤Ј, and our whole cell EPR and quantitative Western analyses under normal growth conditions reveal 1 Y ⅐ /␤␤Ј and very high catalytic activity (36, 39, 61) . In S. cerevisiae W303 strains, ␤Ј (encoded by RNR4) is essential for dNTP production and cell growth, whereas in the S288C strains, it is not. However, the doubling time of the S288C ⌬rnr4 mutant is prolonged (180 min versus 90 min for the isogenic WT), and ␤ is overexpressed 10-fold. The ⌬rnr4 mutant has only 0.01 Y ⅐ /␤ 2 , which surprisingly can support cell proliferation (36) . High levels of RNR activity can be rapidly restored to these cells by induced expression of ␤Ј (e.g. by using a galactose-inducible promoter-driven GalRNR4) or by supplementation of recombinant ␤Ј to permeabilized ⌬rnr4 cells (14) . Thus, ␤Ј is also central to Fe III 2 -Y ⅐ formation and RNR activity. ␤Ј appears to be required to maintain ␤ in a conformation that is accessible for iron loading.
Source of Iron
As noted with bacterial systems, the source of iron (iron importers, storage proteins, labile iron pool, chaperone proteins) (40) has not been established in any case. To address this issue in eukaryotes, experiments in humans and S. cerevisiae have been carried out by several groups (41) (42) (43) (44) (45) . Recent studies by the Philpott group in human cells suggest that poly(rC)binding proteins (PCBPs) function as iron chaperones that are required for iron delivery to some iron-requiring proteins including ferritin (41), hypoxia-inducible factor (HIF) prolyl hydroxylases (42) , and deoxyhypusine hydroxylase (43) . However, because S. cerevisiae does not have a poly(rC)-binding protein counterpart, this protein will not be further discussed. Recent studies (44) have shown that the cytosolic monothiol glutaredoxins, Grx3 and Grx4, function in intracellular iron sensing and trafficking. Grx3 and Grx4 form homo-or heterodimers with a labile, glutathione-ligated [2Fe-2S] cluster at the dimer interface (45) . Cells depleted of Grx3/Grx4 are impaired in iron-requiring reactions in the mitochondria, cytoplasm, and nucleus including proteins with Fe-S clusters, hemes, and di-iron clusters such as RNR. It is unclear whether and how Grx3/4 directly or indirectly participates in iron delivery into these diverse iron-requiring proteins. However, simultaneous deletion of both GRX3 and GRX4 is viable in the S288C strain background, whereas it is lethal in the W303 strain background. Thus, additional protein(s) or small peptides must be able to take the place of Grx3/4 as the iron source in the viable ⌬grx3⌬grx4 mutant cells.
Whether a protein with an Fe-S cluster can deliver only iron and function as a chaperone protein remains to be established. Nevertheless, from studies on Fe-S-containing bacterial transcription factors, it is clear that oxidation of an Fe-S cluster can result in labilization of iron (46) , and studies on Fe-S-requiring biotin synthase (47) and lipoate synthase (48) have demonstrated that an Fe-S cluster can deliver sulfur with loss of iron during this process. It remains to be determined whether the [2Fe-2S] cluster in Grx3/4 or a less stable version of this cluster can perform the function of iron delivery for RNR.
Source of Electrons
Our search for eukaryotic electron donors in RNR cofactor assembly was inspired by studies of the E. coli YfaE. The only yeast ferredoxin ortholog identified to date (Yah1) and its reductase (Arh1) are localized predominantly in the mitochondria. Studies by Netz et al. (49) and us (14, 50) have suggested that a protein complex formed between Dre2, containing a [2Fe-2S] 2ϩ/1ϩ and a [4Fe-4S] cluster (the redox state of the [4Fe-4S] is unclear), and Tah18, an NADPH-FMN/FADH 2 oxidoreductase, functions as the cytosolic counterpart of Yah1-Arh1. Dre2-Tah18 constitutes an electron transfer chain in which electrons from NADPH are transferred via the flavins to the [2Fe-2S] 2ϩ cluster of Dre2. Both DRE2 and TAH18 are essential genes. By using a conditional promoter-driven Gal-DRE2, we found that depletion of Dre2 greatly diminishes cellular RNR activity (50) . In a separate assay, we used a GalRNR4⌬crt1 system in which ␤ is constitutively overexpressed (due to removal of CRT1-mediated transcription repression), and thus formation of ␤␤Ј and assembly of Fe III 2 -Y ⅐ are solely dependent on induction of ␤Ј by turning on the galactose-inducible promoter. Under these conditions, we monitored reconstitution of Y ⅐ and ␤␤Ј activity upon ␤Ј induction in the WT and two tah18 temperature-sensitive mutant strains under the non-permissive temperature. We found that the tah18 mutants exhibited significant defects in both the kinetics and the maximum levels of Y ⅐ and ␤␤Ј activity relative to the WT. These results support a model in which Dre2-Tah18 serves as the electron donor to RNR cofactor assembly. Importantly, Dre2 interacts physically with ␤, consistent with the notion of Dre2 directly delivering an electron to ␤.
In addition to RNR cofactor assembly, Dre2-Tah18 is also required at an early step(s) in the cytosolic Fe-S cluster assembly (CIA) pathway (49) . Target proteins of the CIA machinery include the three major replicative DNA polymerases (␣, ⑀, and ␦) and several DNA helicases/nucleases (51, 52) . As such, deficiency in Dre2-Tah18 leads to pleiotropic defects in genome stability due to their roles in cluster assembly both in the DNA replication and repair enzymes and in the RNR supplying the dNTP pools. Thus, genetic and biochemical analyses need to be combined to dissect the complex contributions of Dre2-Tah18 in these processes.
Link of RNR to Iron Metabolism
Physical interactions have been reported between Dre2 and Grx3 (53, 54) , suggesting that electron transfer or perhaps Fe-S transfer can occur between these two proteins (Fig. 3) . The findings that Grx3/4 and Dre2-Tah18 are required for both RNR cofactor formation and the CIA pathway have raised the interesting perspective that two distinct types of non-heme iron cofactors share the same sources of iron as well as reducing equivalents. A mechanism for how iron could be delivered to apo-protein from Grx3 (if in fact this occurs directly) remains unknown.
Finally, both Grx3 and Dre2-Tah18 have counterparts in humans (PICOT and CIAPIN1-NDOR1). CIAPIN1-NDOR1 and CIAPIN1-PICOT form complexes as well, and the former can substitute for the essential function of their yeast counterparts in yeast cells (49, 55) . Their potential roles in Fe-S protein biogenesis and RNR cofactor assembly in human cells remain to be addressed. Given the surprisingly short half-life of the human Fe III 2 -Y ⅐ (30 min at 37°C) relative to the length of the S phase (5-6 h) of the cell cycle, it is likely that Fe III 2 -Y ⅐ biosynthesis and repair play an important role in regulating human RNR activity. Further study of these proteins is thus warranted.
Issue of Mismetallation
Previous studies with prokaryotic and eukaryotic RNRs in vitro have established that Mn 2ϩ can compete with Fe 2ϩ for binding and prevent Fe III 2 -Y ⅐ cluster formation (56, 57) . Given that mismetallation has been demonstrated for yeast mitochondrial manganese-superoxide dismutase when Fe 2ϩ levels are elevated inside the mitochondrion (58, 59) , it is likely that when the Mn 2ϩ /Fe 2ϩ ratios are altered, similar mismetallation could occur in RNR, leading to reduced ability to generate dNTPs. The Culotta and Hoffman groups have recently shown that cells lacking the Golgi Mn 2ϩ /Ca 2ϩ transporter Pmr1 have up to a 10-fold increase of intracellular manganese levels, which can be increased further by Mn 2ϩ supplementation in the medium (60) . Using this information, the ⌬pmr1GalDRE2 strain was created to investigate RNR. We found that the levels of Fe/␤ drop from 2 to 0.7 in the ⌬pmr1GalDRE2 mutant grown under Gal-off and Mn 2ϩ -supplemented conditions. 4 Thus, in cells where Dre2 is depleted and Mn 2ϩ levels are elevated, iron loading into ␤ is compromised, possibly due to mismetallation by Mn 2ϩ . It remains to be determined whether Dre2, like the E. coli YfaE, can facilitate the choice of iron over manganese in RNR cofactor assembly in yeast cells. Consistent with a role in metal selection, YfaE is always found in bacterial genomes that contain both an Fe-RNR (Ia) and a Mn-RNR (Ib). Although eukaryotes only have Ia RNRs, it is conceivable that a YfaE-like specificity factor is needed to deal with complex changes in cellular iron and manganese levels in different cell types under various physiological conditions.
Summary and Future Prospects
Studies in the past few years have shown that under perturbed environmental conditions (often genetically), mismetallation in metalloenzymes can occur, raising the possibility that it may occur to some extent under normal growth conditions as well. Using RNR as the example for consideration of other metalloproteins, the extent of mismetallation will be governed by the binding constants for Fe 2ϩ versus Mn 2ϩ loading, the ratios of Fe 2ϩ /Mn 2ϩ in the cytosol where cofactor assembly occurs, the speciation of both metals, the concentration of ␤, and the rate constants for Fe 2ϩ and Mn 2ϩ binding, dissociation, and cofactor assembly. Biochemical and biophysical determinations of these parameters present many technical challenges. It is remarkable how little quantitative information is available for any metalloprotein about these fundamental steps in cluster biosynthesis. In eukaryotic systems, the issues are even more complex as metal compartmentalization also comes into play. Each organism has distinct regulatory mechanisms for metal sensing, uptake, efflux, storage, etc. Finally, with RNR, the studies described herein on cluster assembly highlight another regulatory mechanism for controlling dNTP pools: cluster assembly and repair. The recent discovery (51, 52) of Fe-S clusters in polymerases, helicases, DNA repair enzymes, and the links between the CIA pathway and di-iron-cluster in RNR in eukaryotes makes iron homeostasis and nucleic acid biosynthesis intricately intertwined and deconvolution especially challenging. Because many of the proteins involved in cluster assembly are essential for cell survival, investigations of their in vivo functions have to utilize a protein depletion experiment using a conditional promoter shut-off method. The extent of the depletion depends on the half-life of the protein and whether it acts catalytically. Prolonged depletion may also trigger cellular stress responses that further complicate interpreta-tion of the downstream events. New and more sensitive methods will be essential for future progress in both in vitro and in vivo studies addressing these critical problems.
